This paper discusses the use of a nonlinear sensing technology based on radio frequency (RF) intermodulation response to track both the vital signs and location of human subjects. Smart health sensing was realized through the use of a wearable nonlinear tag and an intermodulation-based nonlinear sensor operating in both Doppler and frequency shift keying (FSK) modes. The Doppler mode was used to detect the heartbeat and breathing of the target subject while human subject localization was achieved in the FSK mode. One of the key advantages of this nonlinear smart sensor system was clutter rejection. This system identified the signal reflected from the wearable nonlinear tag and suppressed undesired signals and interferences that were reflected from other objects. The wearable tags used for the experiments were passive, hence they did not require any battery or power supply for their operation. Since the respiration signal is typically stronger than the heartbeat signal, the nonlinear detection setup was designed such that the respiratory signal receives less gain to avoid its sidelobes and harmonics from interfering heartbeat signal detection. This enhanced the heartbeat signal quality so that the cardiac activity could be easily tracked. Four types of experiments were performed on multiple subjects to demonstrate the advantages of this intermodulation-based nonlinear smart health sensing system. Previously, 2 nd order harmonics were utilized for target localization and vital sign monitoring. However, these 2 nd order harmonics suffer from high path loss and licensing issues. In this paper, target localization and smart health sensing were realized using 3 rd order intermodulation with less path loss and no licensing issues compared with its harmonic counterparts. The experiment performed in nonlinear FSK mode was able to detect and locate the source of motion with high accuracy. Similarly, vital signs were recorded in the nonlinear Doppler mode. The design effectively made the amplitude of the heartbeat signal component more prominent, so that the sidelobes and harmonics of respiration do not suppress heartbeat signal.
I. INTRODUCTION
Extensive research has been carried out on human health care and awareness using RF sensors [1] - [7] . Noncontact and remote health monitoring has been a hot topic in the area of human health care. Among the existing health monitoring technologies, RF sensors provide a reliable noncontact and remote method for vital signs monitoring with great The associate editor coordinating the review of this manuscript and approving it for publication was Qingxue Zhang .
accuracy [8] - [14] . Since the motion amplitude of respiration is large compared to the heartbeat amplitude, respiration harmonics and sidelobes may mask the heartbeat response in the frequency spectrum. This makes it difficult to find the heartbeat response. The nonlinear based sensors can be used for the measurement of vital signs, since the nonlinear behavior of a tag can be used to suppress the environmental noise [15] and increase the signal to noise ratio of the recovered signal [16] . This further increased the sensitivity of the sensor. Devices which do not have a linear relationship between input power/voltage and output power are termed as nonlinear devices. Diodes, transistors, etc., are some of the most common types of nonlinear devices. The nonlinear smart sensors utilize the nonlinear behavior of a wearable tag, which generates additional frequency tones such as harmonic, intermodulation and subharmonic tones when they are subject to fundamental tone(s). The fundamental tone(s) is referred to as the frequency tone(s) transmitted by the sensor. Fig. 1 shows some of the nonlinear responses when radio frequencies are passed through a nonlinear device. The subharmonic response can be generated by frequency divider circuits. These frequency divider circuits divide the incoming frequency by a given number such as two or four. Similarly, harmonic responses generated by diodes and transistors are in the multiples of two, three, four, etc., of the received frequency. Unlike other nonlinear responses, the intermodulation effect is demonstrated by the nonlinear device only when two or more frequency tones interact with the device. Here, we are limiting the discussion only for two frequencies only. The intermodulation effect is observed due to the mixing of two frequency tones at the junction of dissimilar metals or at a metal-oxide junction. All these tones generated by the nonlinear device are reflected towards the sensor. On the other hand, naturally occurring objects and the human body reflect mostly the fundamental tone(s) and thus can be distinguished from the nonlinear tag based upon the different frequencies of the reflected signals. On the sensor side, the receiver is designed to attenuate the fundamental tones and extract the desired nonlinear (e.g., harmonic, intermodulation, or subharmonic) responses to distinguish the target response from clutter interference.
The most common nonlinear sensors used for distinguishing clutter from the target is based on harmonic response [16] - [18] . However, these sensors suffer from licensing issue and higher path loss of the harmonic response. The fundamental and harmonic response are widely separated. This may result in the fundamental tone and harmonic response to occur at two separate bands and therefore may result in licensing issues. The path loss of the harmonic response is at least 6 dB higher than the fundamental tones as per the free-space path loss model. The next kind of nonlinear sensor is based on subharmonic response [19] . The tags used for these sensors generate a subharmonic response in addition to the fundamental response.
The clutter and targets are distinguished based on subharmonic response. These sensors suffer from the large receiver and tag sizes, licensing issues, and operational time of tags. The tags used for harmonic and subharmonic sensors require two antennas: one for the fundamental frequency band and another for the harmonic/subharmonic frequency band or a single dual-band antenna.
The third type of nonlinear sensors, intermodulation sensors, operate by distinguishing between the fundamental and the intermodulation response, to separate clutter from the target [15] , [20] . In this technology, some disadvantages of the harmonic and subharmonic sensors are fixed, such as licensing issues, tag complexity, tag and receiver size, and higher path loss. In these sensors, 3 rd order intermodulation responses are generally utilized. This is because 3 rd order intermodulation responses are the most prominent nonlinear responses in the same band. Use of the 5 th order or higherorder intermodulation responses can potentially discriminate target from clutter. However, due to the low power level of these tones, the maximum detection range and sensitivity of the radar might be compromise Wrist wearable devices have become popular in day-to-day life. These devices can provide a part of human physiological information (only the sleep cycle and the heartbeat). Currently, smartwatches are widely used to monitor and record the heartbeat pattern but cannot measure users' breathing pattern. One of the biggest disadvantages of these smartwatches is the need for a continuous power supply. The passive nature of the tag and ability to measure comprehensive vital signs can be solved by using this new sensor technology. The respiration data can help monitor people who suffer from sleep apnea, asthma, chronic obstructive pulmonary disease (COPD), etc. The heartbeat data can be used to monitor heartrelated diseases such as tachycardia, bradycardia, chest pain, etc. Hence, the ability to record a cardiorespiratory pattern can provide a more complete picture of the health condition of a human subject. In the authors' previous work [15] , mechanical motion discrimination, respiratory measurements in the presence of clutter, and vital signs measurement on a single human subject were performed. However, the system could only measure periodic physiological signals but not the location of human subjects, and the nonlinear tag was always directly facing the detector. In practical healthcare applications, it is highly desirable to know the location of human subjects and continuously perform measurement tasks even when the body blocks the direct link between subject and detector.
In this paper, smart nonlinear sensing for both vital signs and human location is presented, which provides a non-invasive and remote solution of wireless health monitoring and telemedicine. The passive nature of the wearable tag eliminates the need to recharge or replace batteries. Cardiorespiratory/respiratory measurements under multiple real-world scenarios were performed: (a) target localization; tag was used while a single element wearable tag was utilized for (c) and (d). All the measurements were recorded for multiple human subjects. The error analysis was performed on the measured data to estimate the robustness of this nonlinear smart sensor under various situations. Immunity to light conditions can make this a viable alternative in a neonatal intensive care unit (NICU), if a low light condition is desired based on the patient's requirements [21] . Other applications of this smart sensor include the fitness consumer market, the healthcare industry, human-aware localization, and rescue operations.
Besides demonstrating human subject location detection based on the nonlinear FSK mode for the first time, another major focus of this work is to increase the heartbeat detection sensitivity in Doppler mode, in order to make heartbeat frequency component more prominent and therefore comparable to the that of the respiration. Fig. 2 shows the aim of enhanced cardiac monitoring in the Doppler mode measurement compared to existing methods using fundamental tone and nonlinear sensors [16] , [22] . A comparison of the three nonlinear radar types is summarized in Table 1 [15] .
The paper is divided into four sections. Section II provides the theory and design of the sensor. Section III presents the experimental results. A conclusion is drawn in Section IV.
II. INTERMODULATION THEORY, RECEIVER DESIGN, AND ANALYSIS A. INTERMODULATION
When two tones f 1 and f 2 , where f 1 < f 2 , are passed through a nonlinear device, additional frequency tones are generated at mf 1 ± nf 2 , where m and n can be any integer values. Here, the mf 1 ± nf 2 tones are called intermodulation tones. This nonlinear sensor exploits the intermodulation tone to distinguish between clutter and the target of interest. The order of the intermodulation is calculated by m + n and intermodulation orders are odd numbers such as three, five, seven, etc. The intermodulation response occurs at an interval of f 2 −f 1 on either side of the fundamental tones f 1 and f 2 . For example, if f 1 = 5.79 GHz and f 2 = 5.84 GHz, the 3 rd -order intermodulation tones 2f 1 −f 2 will be at 5.74 GHz and 2f 2 −f 1 at 5.79 GHz. The order is determined by m + n, here the order is three (2+1). In the same manner, 5 th -order tones 3f 1 −2f 2 and 3f 2 −2f 1 will be at 5.69 GHz and 5.94 GHz, respectively. The intermodulation tones are separated in a step of 50 MHz i.e., f 2 − f 1 , on either side of fundamental tones. In this paper, our discussion is limited to 3 rd -order intermodulation tones. Fig. 3 shows the block diagram of the intermodulation sensor operating in FSK mode. The two frequency tones f 1 and f 2 , generated by the two signal generators, are sent towards the power combiner and then to the circulator. Port 2 of the circulator was connected to the nonlinear device. The nonlinear device absorbs the incoming fundamental tones and generates the fundamental tones along with tones at 2f 1 − f 2 (f IMl ) and 2f 2 − f 1 (f IMh ). The power levels of the fundamental tones generated by the nonlinear device are lower than the incoming fundamental tones. In the FSK mode one of the carriers, i.e., f 2 , was switched back and forth with a step size of 10 MHz. The lower value of f 2 , is denoted as f 2a and higher f 2 as f 2b . This switching of f 2 tones between f 2a and f 2b resulted in lower 3 rd order tone to also switch with a step size of 10 MHz in the opposite direction, i.e., f 1 and f 2a generated f IMlh tone while f 1 and f 2b generated f IMll tones, where f IMll = 2f 1 − f 2b and f IMlh = 2f 1 − f 2a respectively. Fig. 4 shows the time-frequency and time-amplitude representation of the FSK modulation scheme. The 3 rd -order tones f IMll , f IMlh , generated by the nonlinear device were sent towards the LO port of the mixer and fundamental tones f 1 and f 2 (f 2a and f 2b ) are radiated towards the tag through the diplexer and the TX antenna. The f IMl i.e., f IMll and f IMlh , tones were amplified to approximately 12 dBm power level using an RF amplifier before the LO port of the I /Q mixer. An isolator was realized using a circulator by terminating the port 3 with an attenuator and a 50 load. Extra loading of the circulator provided an isolation of 30 dB from port 2 to port 1. The isolator was used to prevent any reflection at the input port of the RF amplifier from leaking to the TX path of the system. The diplexer attenuated the out-of-band frequency tones by 75 dB. The nonlinear tag generates the 3 rd -order tones, which are reflected along with the fundamental tones towards the system's receiver. The diplexers attenuate the fundamental and f IMh tones by at least 75 dB each and sends f IMll and f IMlh tones towards the RF amplifiers for amplification, and finally to the I Q mixer for down-conversion. Due to the switching mechanism, two discrete responses associated with the two carrier frequencies exist in each baseband channel. There is a phase offset between the two carrier responses which was introduced by the switching mechanism. The interpolation techniques can be utilized to eliminate the phase offset and synchronize the carrier responses. If the carrier responses are to be processed directly, the switching-induced phase offset needs to be compensated for correct range measurement [23] .
B. NONLINEAR FSK MODE
Range detection of a stationary human subject can be realized using FSK based on the phase information extracted from the detected vital sign signals [24] . When the target of interest has a periodic motion x (t) = m · sinω o t at a nominal distance d o , where m stands for the motion peak amplitude and ω o represents the motion frequency, the sensor signal will be reflected with its phase modulated by the time-varying periodic motion and a constant phase determined by d o . The obtained baseband responses will be frequency-modulated by the periodic motion frequency, which can be represented using spectral analysis [25] as:
where J n is the n th -order Bessel function of the first kind and ϕ k denotes the total residual phase accumulated in the circuit. The baseband signal is represented by the sum of a series of sinusoids at harmonic frequencies of the motion frequency, a constant phase determined by the nominal distance, and the residual phase. The amplitudes of the harmonic frequencies are determined by the corresponding Bessel function. According to the range correlation theory, ϕ k is very small compared to other phase terms in (1) and thus will be ignored in the following analysis. Note that the phase difference of any n th -order frequency pair is consistent, which is:
The target range can be estimated accordingly as d o = c ϕ 4π f . To achieve the most reliable range estimation, the strongest harmonic pairs should be selected based on the corresponding highest signal-to-noise ratio (SNR) when compared to the rest of the frequency pairs. In the FSK mode, f 1 was set to 5.79 GHz and f 2 was switched between 5.84 GHz and 5.85 GHz resulting in f IMl (f IMll and f IMlh ) to switch from 5.74 GHz to 5.73 GHz.
C. NONLINEAR DOPPLER MODE
It will be shown in experiments that the architecture in Fig. 3 with two signal generators is enough for human location tracking in FSK mode. However, to reliably measure heartbeat signals based on Doppler detection, a higher sensitivity is necessary and thus there is a need for better isolation between the TX and the LO paths. To achieve this, a dedicated signal generator without any spurious tone is desirable to drive the down-conversion mixer. Fig. 5 shows the complete block diagram of the sensor in Doppler mode. In order to maintain the desired coherence between the three signal generators and achieve the required sensitivity, all the three signal generators share the same reference signal to offer coherent detection and, most importantly, the range correlation effect [26] . Here, SG3 provided the reference signal to the other two signal generators. The two signal generators SG1 and SG2 generated the two fundamental tones f 1 and f 2 . These fundamental tones were sent towards the 90 • hybrid for combining them into a single path. The output of the 90 • hybrid was connected to the high-frequency path of the diplexer. All the diplexers used in this system passes the f 1 and f 2 tones in the high-frequency path and attenuates the f IMl and f IMh tones by 75 dB. Similarly, the low-frequency path attenuates the f 1 , f 2 and f IMh frequencies by 75 dB and passes f IMl through it. The role of this diplexer was to attenuate any 3 rd -order tones that might be generated due to the passive device or reflection from the signal generators and prevent them from getting radiated via the TX antenna [27] . The two transmitted tones are denoted as
where, φ i (t) is the phase noise of the signal generators.
The fundamental tones transmitted from the antenna reaches the tag, which contains an antenna and a Schottky diode, which in-turn generates 3 rd -order tones along with the fundamental tones and transmits them back towards the sensor. The received signal can be written as
The f 1 , f 2 , and f IMh tones are attenuated at the receiver; hence those terms are ignored to simplify (4) . The λ in (4) corresponds to the wavelength for the f IMl tone and x o is the nominal distance between the tag and the sensor.
The RX antenna captures all the tones and sends them towards the diplexer. The low-frequency path of these two diplexers attenuates the unwanted tones and allows the desired frequency tone to pass through it. The LNA amplifies the 3 rd -order intermodulation tone and sends it towards the I Q mixer for down-conversion. The output of the mixer is sent towards the baseband amplifier for further amplification. Apart from attenuating the unwanted tones, leakage of the f IMl frequency from the LO port of the mixer to the RX antenna must be attenuated, otherwise, this may lead to the clutter response to be comparable to the tag response. An isolator was realized with 30-dB isolation to prevent this.
The baseband signal can be written as
where A I / Q are the amplitudes of the baseband amplifier for channels I and Q respectively. θ can be written as 4πx o λ + θ o . θ o signifies the phase shift when the signal is reflected from the tag and propagates through the RF components in the system's receiver chain. For short-range detection φ(t) can be ignored due to the range correlation effect. The use of I /Q channels helps in avoiding the null point detection issue [26] .
Implemented in an inverting amplification configuration, the inputs of baseband amplifiers were biased at 2.5 V, which was halfway between the two supply rails of 0 V and 5V. The DC information was blocked by placing a capacitor between the mixer output and the baseband amplifier input. The following configuration was implemented in both nonlinear FSK and Doppler modes.
D. ANALYSIS OF LO PORT OF MIXER FOR NONLINEAR FSK AND DOPPLER MODES
Because of the tradeoff between hardware complexity and detection sensitivity, the nonlinear sensor has a slightly different architecture for human location and heartbeat measurements in the nonlinear FSK and Doppler modes, respectively. In the FSK mode, two signal generators were used to generate the fundamental frequencies, while the f IMll and f IMlh tones were generated using the nonlinear device. Here, f IMh tone(s) is not discussed as these tone(s) was not utilized either in the FSK or in the Doppler mode. The fundamental tones were attenuated in the LO path whilst the 3 rd -order tones were attenuated to prevent their transmission from the TX antenna. The disadvantage of the FSK architecture is the presence of undesired fundamental tones in the LO signal as shown in Fig. 6(a) . The FSK mode was used to detect target distance based on the respiration, hence it has a relaxed sensitivity requirement as compared with reliable cardiac activity monitoring. As a result, perfect isolation was not required between the RX and the LO paths. The primary objective was to attenuate the power level of the fundamental tones below 5 dBm. This is the minimum power level required by the mixer to operate. The frequency spectrum showed that the power levels of the fundamental tones were less than -50 dBm in the LO port of the mixer for the FSK mode. Therefore, fundamental tones present in the LO path should not cause any interference. However, to achieve the required sensitivity for measuring the heartbeat signal, perfect isolation is required. There was perfect isolation between the RX and the LO path in the Doppler mode as shown in Fig. 6(b) . The isolation here refers to the presence of unwanted tones in the LO and the RX paths i.e., f 1 and f 2 . The three-signal generator architecture provided at least 50 dB more rejection to the undesired tones.
E. NONLINEARLY LOADED ANTENNA (TAG)
A nonlinearly loaded antenna is an antenna loaded with a nonlinear device at the antenna port. Fig. 7 shows a nonlinearly loaded antenna. The tag, when placed in the radiation region of the TX antenna, receives the radiation which contains E-field information of the f 1 and f 2 tones. The summation of the electric field along the broadside direction is denoted as E i , and Y is the linear admittance. The short circuit current I sc as shown in Fig. 7 , is generated due to E i , and it is directly proportional to the electric field E i . In this project, the passive tag was designed using Infineon's BAT 15-03W diode.
The nonlinear behavior of the diode generates harmonic and intermodulation responses which are reflected from the tag. In this paper, the discussion is only limited to the 3 rdorder intermodulation response. The 3 rd -order tone along with the fundamental tones are backscattered towards the sensor. Two different antennas were used in the system, i.e., one for transmitting and the other for receiving. The use of two antennas reduces coupling and leakage from the transmitter to the receiver.
The nonlinear scattering of an antenna with nonlinear load was modeled using Volterra series and time-domain analysis was performed and discussed in [29] , [30] .
III. EXPERIMENTS
Comparison between the existing and the present works are summarized in Table 2 . In this paper, four experiments were performed for each of the five subjects. The subjects for these experiments were 23 yrs., 25 yrs. 26 yrs., 27 yrs., and 29 yrs. Their height/weights are 175 cm/64 kg, 170 cm/65 kg, 185 cm/ 90 kg, 172 cm/ 85 kg and 173 cm/ 88 kg. • Scenario 1: In the first experiment, the subjects were asked to sit in front of the sensor with the tag placed on the chest as shown in Fig. 8(a) . The target localization was done based on the phase difference extracted from the respiration signals of the subject. The error was measured based on the difference between ground truth and the sensor result.
• Scenario 2: The second measurement deals with vital signs measurement in the penetrating RF condition as shown in Fig. 8(b) . The tag was placed on the chest, aligned to the heart, and the nonlinear sensor system was placed behind the subject, i.e., the antennas were pointing towards the back of the subject. This condition is called the penetrating RF condition as measurements were recorded after the radio waves penetrated the human body. The propagation loss of the radio wave in the human body is approximately 46 dB at 530 MHz [31] . Therefore, it is estimated that the loss at 5.8 GHz is higher than 46 dB. The reflected signal from the tag crossed the human body again, before reaching the sensor, resulting in an extra loss.
• Scenario 3: For the third experiment, the tag was placed directly on the human pulse location on the wrist and the subjects were asked to sit in front of the sensor, i.e., the chest facing the antenna. The vital signs were recorded. Fig. 8(c) shows the experiment setup.
• Scenario 4: In the fourth experiment, the tag placement was similar to the third experiment. However, in this case, the subjects were lying down in a lateral position under the sensor as shown in Fig. 8(d) .
• The reference signal was generated using a piezoelectric device which generates a voltage signal with respect to time in relation to the motion of the pulse from the fingertip. The reference was placed upon the finger of the human subject and the signal generated by the device was in synchronization with the heartbeat.
• The tag used for experiments 1 and 2 had a thirty-sixelement array and for experiments 3 and 4, a single element tag was utilized.
• The NI-USB 6009 was used for data acquisition (DAQ), which has a maximum sampling frequency of 48 kHz. The LO port of the mixer was driven by a signal with a frequency f IMl , which provided additional rejection to other frequency tones. After down-converting with f IMl , f 1 and f 2 tones would come down to 50 MHz and 100 MHz, which were beyond the processing speed of the NI-USB 6009 and hence were largely attenuated again in the baseband signal.
A. SCENARIO 1: TARGET LOCALIZATION
In experiment 1, the tag was placed on the chest of the human subjects, and subjects were asked to breathe normally as shown in Fig. 8(a) . The distance between the sensor and tag was approximately 1.5 m and is denoted as d GT . d GT denotes the ground truth between the sensor and the human subjects and d sensor is the measurement recorded by the sensor. The baseband responses were separated based upon the correspondence between the square wave control signal and the two carrier frequencies. Data was recorded for a seventy seconds interval with a 10 kHz sampling frequency. Data were processed by a 10 s FFT sliding window with a 5 s sliding step size. For each sliding FFT window, the range was calculated. The range obtained from each FFT window was averaged, resulting in 1.59 m range estimations for one of the subjects. The standard deviation of the range estimation was 20 cm for this subject. The standard deviation in the range estimation for subjects S1 to S5 was 28 cm, 20 cm, 22 cm, 17 cm and 32 cm. Fig. 9 shows an example of the frequency spectrum obtained from the I and Q channels of the baseband. Based on the phase difference of the f IMl (f IMlh , f IMll ) for different f 2 (f 2a , f 2b ) frequencies, the range was calculated as d sensor . The range obtained from different subjects and the measurement errors are shown in Table 3 . The error was calculated using f err = d sensor − d GT . The positive value of f err signifies d sensor > d GT and the negative value implies 
The error in percentage was calculated using f e = (|f err | × 100 f GT ).
B. SCENARIO 2: VITAL SIGNS USING PENETRATING RF
The vital signs were recorded when RF waves passed through the human body. The distance between the sensor and the human back was approximately 0.5 m. The measurement setup is shown in Fig. 8(b) . The baseband and the reference signals were recorded using NI-USB 6009. An FFT was performed on the baseband and reference signal data. The frequency spectrum was plotted as shown in Fig. 10(a) . The plot shows that the heartbeat and the reference peaks were approximately at the same position. A Short Time Fourier Transform (STFT) was performed on the baseband data, using a window of size 10 secs in a step of 0.1 secs. A Kaiser window was used for this STFT and the result was plotted in Fig. 10(b) . An STFT was also performed on the reference data. The heartbeat values were calculated for the reference and the sensor. Fig. 10(c) . Here, the positive f e occurs when the reference was leading while the negative f e indicates the reference lagging the sensor's heartbeat measurement. The f e signifies the offset from the reference value. The modulus operation was performed on f e data and minimum, maximum, and average values of error were calculated. For Table 4 , the breathing peak and heartbeat peak were obtained on the frequency spectrum, while error percentage was obtained based on the f e data. 
C. SCENARIO 3: VITAL SIGNS IN A SEATED POSITION AND FACING SENSOR
In this experiment, the human subject was sitting in front of the sensor, with the tag placed above the pulsing radial artery on the wrist. This was done to amplify the heartbeat signal compared to the respiration. The system was able to record the breathing and the heartbeat signals. There are many factors which lead to breathing being recorded: (a) torso motion caused by breathing, moves the wrist; (b) the antenna's back lobes and, (c) the fundamental tones reflected from the chest were captured by the tag, which were modulated into 3 rdorder tones.
For this experiment, the wrist was placed in front of the torso as shown in Fig. 8(c) . The distance between the tag and the sensor system was approximately 0.5 m. Fig. 11(a) shows the frequency spectrum of the baseband data obtained from the sensor and the reference signal. Fig. 11(b) shows the STFT plot of the baseband data recorded by the sensor. The error analysis was performed in a similar fashion as experiment 2 and the data is presented in Fig. 11(c) . The data presented in Table 5 was also calculated using the same method as the data shown in Table 4 . 
D. SCENARIO 4: VITAL SIGNS IN LATERAL POSITION
Vital signs were recorded for the human subjects lying in the lateral position as shown in Fig. 8(d) . Similar to experiment 3, the tag was placed on the wrist, i.e., on the location of the pulse. The distance between the sensor and the tag was approximately 0.8 m. The human torso was in between the wrist and the sensor (not in the line of sight). Fig. 12(a) shows an example of the frequency spectrum of the baseband data and the reference data from one of the subjects. The STFT plot of the data obtained by the sensor system is shown in Fig. 12(b) . Some of the factors responsible for the respiration tone to have a larger amplitude over the heartbeat are as follows: (a) torso being closer and between the sensor and tag, and (b) motion of the mattress due to breathing might have led to wrist movement. Fig. 12(c) is the error plot obtained by comparing the reference data with the measured data. The error analysis method was the same as performed previously in experiment 2. The data in Table 6 was obtained in the same manner as the data in Table 5 .
In scenario 3 the subjects were sitting on a chair with the tag attached to the wrist in front of them. So, the breathing recorded in this case was lower as chest motion caused little interference. On comparing to the lateral sleeping position in scenario 4, the chest was placed between the sensor and the tag (not in the line of sight). The clutter motion, i.e., the chest motion dominated the measurement. This resulted in a strong breathing signal to be recorded by the sensor. From these two scenarios, it can be inferred that the human posture was critical in the recording of the heartbeat measurement.
IV. CONCLUSION
A nonlinear smart sensor utilizing the intermodulation response was successfully implemented for both FSK and Doppler modes. Vital signs monitoring and localization experiments were successfully performed. The receiver of the sensor amplified the desired 3 rd -order tone and attenuated the fundamental tones and undesired 3 rd -order intermodulation tone. Compared to a conventional RF sensor, where the heartbeat response can be masked by the sidelobes and harmonics of respiration tones, this smart sensor was able to increase the relative intensity of the heartbeat signal as compared with respiration signal, but still reliably track respiratory activities. The system was able to perform both tasks, i.e., target localization and vital signs monitoring, with high accuracy (error < 10 %) for a period of 30 s and five subjects.
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